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FOREWURD

Thi=s 1s a quarterly technical report submitted under G.0, 07119 in
compliance with Contract AFO4(611)-11407. The research reported

herein., which covers the period | April through 30 June 1967, was
sponsored by the Air Furce Rocket Propulsion Laboratory, Research
and Technology Division, Air Force Systems Commond, United States
Air Force, Edwarde, California, with Mr. G. Allen Beale acting arn

the Air Force Project Officer.

This program was conducted in the Chemical and Material Sciences
Departwent of the Hocketdyne Research Division, w.th Dr., E. F. €. Cain
serving as Program Munoger and Mr. M. T. Constantine serving as the
Responsible Project Scientist. Technical personnel who have contri-
buted to this effort include k. J. Youel (Phases I and III),

Dr. J. F. Hon (Phase 11), Dr. W. Unterberyg (Phase 11), Dr. S. E.
Rodriguez (Phase 11), J. V. Lecce (Phase I1), R. W. Melvold

(Phase 11), J. Quaglino (Phase 11), and M. M. Williams (Phase ILI).

This report has been assigned the Hocketdyne identification number

R-6638-4,
Publication of this report does not constitute Air Force approval

of the report's findings or conclusions. It is published only for

the exchange and stimulation of ideas.

W. H. EBELKE, Culonel. USAF
Chief, Propellant Division
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INTRODUCTIUN

Under Contract AFO4(611)-10546, Rocketdyne completed a I2-month
analytical and experimental program (Ref. 1) on the rational and
systematic physical charavterizatiou.uf selected liquid rocket pro-
pellants. The overall objective of this program, which was conceived
as an initial step toward elimination of propellant data gaps, was

to assemble and experimentully complete the data on essential physical
properties of current and near-term liquid rocket propellants over
temperature and pressure ranges of practical use to propulsion
engineering. During this program, experimental efforts resulted

in messurement of: (1) chlorine trifluoride (ClF3) phase properties
(including critical temperature); (2) IRFNA and chlorine pentaflucride
(CIF5) sonic velocities (and calculation of compressibilities);

(3) C1F and CH3N2H3 specific heats (and correction of previously
determined CIF5 specific heat data); (4) thermal condu§ﬁivﬁties of

the 50 NH, - 50 (cn}):_,wzu2 fuel blen'd"m*m;@i;?ﬁd (5) the

design and preliminary assembly of apparatuses for measurement of
inert-gas solubility in liquids and liquid viscosities at extended
temperatures and pressures. Analytical efforts,.initiated with an
extensive literature survey, included the assembly and eveluation

of physical property data on MHF-1, MHF-3, MHF-5, CIF.

3 and ClFi for

future correlation and summary publication.

The present three-phase program, being conducted under Contract
AFO4(611)-11407, represents a 24-month extension and expansion of
the objectives of the previous effort., Phase 1 e{fort consists of
a continuous review of the current literature to document reported
propellant properties. In Phase 1I, effort is dirccted at the
experimental determination of unavailable engineering data, for
selected oxidizers and fuels, which ure required to design rocket
engine hardware. ZEffort under Phase III includes the compilation,
correlation, and evaluation of all data obtained from Phases I and

II and presentation of the valid data in an annual technical repert.
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Analytical and experimental research conducted during the fifth quarter
year of a current 2k-month program to complete the data on essential
physical properties of current and near-term liquid propellants of

interest to the Air Force is described in three phases.

In Phase 1, a continuous survey of the current propellaant literature

has resulted in the preliminary screening of 2279 reports scquired and
cataloged by Rocketdyne during this period; 118 of these reports were
reviewed iu detail for pertinent engineering properties data on liquid

propellants.

The experimental characterization of essential physical properties of
selected propellants was conducted under Phase 11, During tue cuwrrent
report period, these efforta were directed at measurements of ClF3
phase properties in the critical region, sonic velocity in CIF. and

5
C1F, under pressurized conditions, gaseous nitrogen solubility in

3
ClFﬁ, ClFs and MHF-3 specific heat, MHF-5 thermal conductivity, and
ClF5 viscosity.

A constant-volume vapor pressure apparatus was used to extend the
available experimental data on C1F3 phase properties into the critical
range. As a result of the current measurements, the vapor pressure of
CIFy from 26 to 149 ¢ (77 to 299 F) was correlated with the following

equations:

~ oo 2453.
log P(,gia) = 3-9929 - —%(Lnf

and

log P(atm) = 4,8257 - lz%f;f
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nonder totol preasnres (with gascour nitrogen) of 300, KX and 100D peia.
There data, whivh are presently beang completed and correlated, «ub-
stantiate the normally predicted brhavior of sonic velocity in

preseurized biquids (1.e., ancrease with an incresse in pressure},

Using an amproved experimental technigque, meagurements of gaseous

nitrogen =olubility in liguid ClF,) were redetermined. The reaulting

- e -9 . o= ,
soluorirtres of 1.8% v 10 70 229 x 10 7, and 2.60 x 10 ! it N,

Ih
(‘Il“_)«-pm at vo, 120, and 190 F, respectively, were appraximatels
AP ﬁt‘!‘u’ht lower than thore previously measured at 90 and 20 F,
These measurements are being extended to ligher temperature and

pressure levels.

The specific heoat of (‘1}“_’ wis redetermined in an adiabatic colorimeter
over a temperature range of 5.4 to 57.3 C (41.7 to 135 F) to vesolve
discrepancies an previously reported data.  These data were correlated
with the other experimental data over a temperdture range of =70 to
37 C (~34 to 135 F) and curve fat with the loliewing equations:

- -3
04716 - 2217 ~ 10 T, -

Cs(ml gm-k ) {h)

-0 2 4 3

L0 - 9 LA N 0 )
B.h28 \ 10 T“) _). A)'} x 10 r(}\)
and

0.4673 - 1.204 x 10

¢ s .
g{Btu 1b-R) (i)

-0 o Y 3

DoahT o - = 0"
2543 x 10 T(!{) 1.981 x 10 T\H)

4
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CONFIDENTIAL

Thie apparatums with a new, colibroted somple chamber, in presently

being used to determine the wpecific heat of MHF-3,

Thermal conductivity measurements were completed on MHF~5 over a
temperature range of 0.5 to 2010 F, A curve it of the dats res

sulted 1n the following equation:

<

0.188 - 7.91 x l.n’sz v o= 2.9 x m‘”‘ ;
. . (F) - I(P‘}

k(utu/hr-rt-r)‘

Previously initiated saturated liguid ClF5 viscosily seasurements were
extended to 75, 100, and 124 F. The resulting dota, 0.323, 0. 281, and
0.252 centipoisges, respectively (and other dota determined carlier in
the program), torm a plausible continuation of previously correlated

low-temperature L'll'"'3 viscosity data. Measurements are being continued

at temperatures above 200 F,

As s result of the Phase 1I1 review and evaluation of the data generated
under Phases 1 and 1I, efforts are continuing on the assemhly of engi-
neering property bibliographies and physical property data sheets on
N,0, and MM, Unpublished data on the normal boiling point (~13.7 €

or 7.3 F) of ClFﬁ' and (‘ll“_3 storability in 321 stainless steel and

in mild steel for periods of 31 months and 16.7 months, respectrvely,
have been evaluated and presented. Experiwental data on the heat
capacity of solid ClF3 have been curve fit with the following equations:

-0 - -5
349 x 1072 . 3,53 x 10 3T(x) - 3.07 x 10 )’(x)

Co(cal/gm-K) ~
147 x 10‘7T(K>3 - 2.57 x ‘“-I“T(x)k
and
= =3.4Y x 1072 3

% - - —0
Cp(Btu/lb—R} - LO6 x 10 T(R) - 947 x W0 T(“

250 x 10787, 0 - 245 x 107

(R)

5/6
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RESULTS AND ACCOMPLISHMENTS

A formal survey of current propellant literature, initiated under
Coutract AFO4(611)-10546 (Ref. 1), is being continued se Phase I of

the present program. This survey, which includes the location,
acquisition, and docuwentstion of all available propellant properties
data of interest to the Air Force, was originally directed at a compre-
hensive review of physical properties deta. However, under the present
contract, the survey has been expanded to additional emngineering

properties data.

Thia survey is being maintained through two primary techniques. The
wain portion of the effort is directed at the survey of all reports
acquired by Rocketdyne; these include reports obtained as & result

of individual personnel requeste as well as those acquired through
normal distribution channela. Each of these reports is surveyed with
respect to aubjeét matter, and reports containing potential propellant
properties data are selected for detailed review. All pertinent data

contained in these reports are documented for assembly under Phamse III.

To aid in.the complete awareness of all available propellant properties
data and their subsequent acquisition and documentation, this report
survey effort is supplemented by a continuous survey of the current
releases of Chemical Abstracts, NASA CSTAR Abstracts, CPIA Chemical
Propulsion Abstracts, Defense Documentation Center (DDC) Technical

Abstract Bulletin (TAB), NBS Cryogenic Data Center Current Awareness

Service, and propellant manufacturera' bulletins. Any pertinent

reports located through these sources that have not beem acquired
previously by Rocketdyne are ordered and reviewed in detail on their

acquisition.

During the current report periou, 2279 reports were surveyed; of this
total 118 reports were reviewed in detail for propellant properties
data. The pertinent data abstracted from these reports are being

compi led and evaluated under Phase I11.
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PHAST Tl RENPERIMENTAD DLITEMIS fuNe

OBIECTEVE

Phawe 11 12 desigued for the expermmental chavacterization of ewsopi ;o
physical properties ot selected Liguid propellants . Thi« phase essen-
trally constitutes o yemonth continuation of the eftort- jnitiated
vndes Phaee T1 of Contract SFOWoH)- 10500 (Ref. 1}, Selection of the
propellants and propecties to be choracterized experimentally s
related to the unovarlohility of required data and relative tmpartanes
of the data to the Air Foerce. Initial effurts have empha<ized the
completion of those propellant properties recompended for initial
tharacterization uader the previous program,  Additional eftorts are
continuing n an orvder related to the importance of the dota to the

Air Force ax determined by the Mir Force Project Engineer,

[he aelected properties are being determined over the liguidus tempera-
ture ronge and over a pressure mngt; of Th.7 to OO psi, where practicat,
Changes to the selected list con be made at any time during the program
through mutual agreement of Hocketdyne and the Air Force Centracting
Ufficer. Standard test methods are being used when available. Unique

or new test methods to be used must be approved by the Air Force

Contracting Officer.

RESULTS AND ACCOMPLISHMENTS
Phase Il efforts during the current period were directed at:

1. Extension of Cll-‘.s phase property dota into the critical region

2. Experimental characterization of sonic velocity of L'-H"3 and

ClF, at pressures above saturation

3

L T T N

N
3
9 ,
%




()

(v)

. Continuation of Nn(ﬂ) uolubility mearurerente in CIF,_
- 4 )

. lmprovement of previously measured (,‘ll"3 and MHF-3 specific

heat dota
3. Completion of MHF-5 thermal conductivity measurements

0. Extenszion of che ClF5 viscosily measurements

The efforts conducted under each of these tausks are described in tie

following paragraphs.

Phase Property Measurements

Current phase property measurements have been designed for the reliable
extension of the available experimental data on CIF3 into the critical
rtange. Previous efforta (Ref. 2) in this program had expanded und
vorrelated available density dat: (Ref. 1 and 3) on saturated liquid
ClF; over a temperature range of -2 C (-8 F) to 161 C (322 F). Vapor
pressure measurements (Ref. 2) on ClF3 had been conducted over a
temperature range of 42.9 ¢ (109 F) to 147.6 C (298 F) to increase

the reliability of previously available (Ref. 1 and 4) vapor pressure
data in the high-temperature region. In addition, a critical tempera-
ture of 179.6 20.5 C (355.3 F) had been measured (using the liquid-

vapor meniscus disappearance technique) and reported (Ref. 1).

The present extension of phase property measurements into the critical
region is accomplished through the experimenial determination of
pressure-temperature relationships of known quantities of CIF} using

8 constant-volume vapor pressure apparatus (which has been described
previously in Ref. 2). To ensure attainment of reliable data, a 0- to
1000-psia ronge pressure transducer used with the apparatus was
colibrated with u Heise gage at temperatures and pressures over

the intended runges of use. Because the calibration results showed

10
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that the transducer outpuf was grgnifrcantiy sen2itive to temperatyre
changes, a second-arder function was required on hoth the catput voltoge
and input temperature terms during dota redaction. A curve it uf the
calibration data with an appropriate cquotion was obtained using o

leastesquares computer program,

The technique used 1n the present measurements 1= identical to that

previously nsed 1n the measurement of CIF. critical properties (Ref, 35).
R )

In this technique the vapor pressure apparatus 18 loaded with various
known quantitier of the liquid., As the temperature of each liquid
sample i8 1pcreased in increments (Lhrungh regulated external heating
of the apparatus 1n a Fisher Isotemp oven), the pressure of the sample
is recorded {after the somple has rveached thermal equilibrium). This
pressure represents the vapor pressure of the sample os long as both
the liquid and vapor phoses of the sumple are sti1ll preseant. The
temperature {discontinuity temperature) at which a change in slope

is obrerved from the vapor pressure curve (as noted in a plot of log
pf’@ssu!‘n vs reciprocal absolute temperature) marks the transition of
the Aample from a liquid-vapor system to a single-phase system through
complete vaporization or liquid expansion. The critical point can be
determined from these data by location of the maximum discontinuity
temperature 1n a plot of the temperatures of discontinuity (for the
various sompie sizes) vs the sample size, or the specific volume or

density of the sample at the transition.

The discontinuity temperature plot will provide the temperature,

specific volume, and density of ClF, at the critical point. The

vapor pressure measurements requirez to establish this plot will
establish a vapor pressuve curve for this region from which the
critical pressure cam be calculated (at t'ie critical temperature).
In addition, the measurements will proviue saturated liquid or

vapor densities at each of the transiticn temperatures,

11




(U) Chloraine Trifluoride Vopor Pressure. During the current report, two

series of pressure-temperature measurements (each using o differeut
known smount of propellint-grade Cle) were completed. The vapor
pressure data resulting from these mensurements are given iu Table |

aa runs 2 and 3. in addition, previously reported vapor pressure data
(Ref. 2) have been corrected on the basis of new instrument calibration
date and are reported in Table 1 as run 1. These preliminary dats were
curve fit from 25.65 to 148.58 € (78.17 to 299 4k F) with the

following equations:

©5.9929 - 2453.7 v (l)

log P( ‘ :
psia) T
(R)
and
10g P,y = 48257 - 163.1 2)

T(x)

(U) Chlorine Trifluoride Critical Properties. Additional pressure-

temperature data obtained during the above vapor pressure measurements
have been used to establish three temperatures of discontinuity from
Eq. 1. Although measurements are being continued on several more
sample sizes to eatablish reliable CIF} eritical property and high~
temperature vapor pressure data, an estimation of ClF3 critical
properties has been made from the above data. Using the previously
determined (Ref. 1) critical temperature of 179.6 :0.5 C (355.3 F),
the extension of the above vapor pressure equation would result in

a calculated critical pressure of 961 psia (05.4 atm). Extrapolation
of the reported (Ref. 2) density data and the presently available
temperature of discontinuity values tu the above critical temperature
results in a C1F, critical density of 0.88 gm/cc (54.9 1lb/cu ft) and

3
a specific volume of 1.14 cc/gm (0.018 cu ft/1b).

12




TABLE 1

PRELIMINARY CHIURINE TRIFLWIORIDE VAPaR PRESSURE DATA

==y

o Vapor
Run | Temperature Preanure,
Nu, ¢ F paig
2 25.05 78.17 25.4
1 h2 .90 a9, 2y k6 .3
3 47.43 117.37 8.4
2 48,15 118.67 56 . 4
1 0l.10 IRl 98 74.3
2 70.75 199.3%5 106.9
i : Th.on 166 .24 2.7
3 B1.730 178,34 1304
1 93.13% 199.03 180, 1
g 96.79 206,13 202.9
3 107.70 225,86 279.0
1 111,30 232,34 27106
2 121.00 249 80 341.4
1 : 131.35 268,43 404 .7
2 133.05 271.49 457.4
3 148.03 298.45 olh.}
1 148.28 298.90 550, 1
1 148.58 299 44 %0.7

13
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Sonic¢ Velocity (and Compreasibility) Measurements

Determinations of sonic velocity and adiabatic compressibility of liquid
propellants are being conducted with the apparatus described in detail

in Ref, 2. With this apperatus the velocity of sound in a liquid is
obtained experimentally by measuring the time required for an acoustic
wave to travel a kunown distance in the teet liquid. Using the resulting
sonic velocity data and the liquid density, the adiabatic compressibility

of the liquid is calculated from the relationship:

1
Pe =3

pc

where

"adiabatic compressibility of the liquid

o
h

8]
"

density of the liquid

¢ = velocity of sound in the liquid

During previous sonic velocity measurements (Ref. 2) in CIF5 and Cle
at saturated liquid conditions and under total pressurization (wich
gaseous nitrogen) of 500 and 1000 psia, anomalies were noted in the
jata resulting from the pressurized liquid measurements. Normally,
the velocity of sound in o liquid at constant temperature has been
found to increase with increasing pressure. In addition, the change
in slope of a sonic velocity-t mperature plot is relatively equiva~
lent for various isobars over the same temperature range. Howeves,
the data obtained at the 500- and 1000-psia levels for both CIF5 and
CIF3 indicated that at the lower temperatures investigated, the

velocity of sound was decreased as the pressure was increased and

that these conditions were reversed as temperature was increased.
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Sinee the some velacrties gn bath (LH",, agud LIF§ woere rebiably
eatablished for the saturated leguid ('ﬁruli trons (e f. @), it wan
postulated that the behavior nuder the pressurised cotditions was
g effect of pressurant gos safubibity in the Liquid.  To evaluote
thin lypothesis and covyectly deiermine sonre velocities tn compressed
Liquids (in the absence of such effects}, the experimental technigue
wias altered.  In thew modification, the liguid somple in the experi-
wental apparatus wis thermostated st o welected temperature and
pressarazed to the desived total pressure level with gasesus ni-
trogen. After the pmmedirate determination of sonic velocity, the
sample was depressurized, the nitrogen removed {through usxe of an
expatsion and cold-trup process), and the technique was repeated

at @ new temperature ond,or pressure level,

Qonie Velocity in Chlorine Pentatluoride. As a result of the effort

to demonstrate act reduce the effect of the digsolved pressurant gas,
sopic velocity measurements were repeated rn ClFa under pressurized
couditions of 300, 800, and 1000 psia using the modified provedure,
The data from these measurements, which are compared in Toble 2 with
the data previously established (Ref. 2) for the saturasted Liguud,
substantiate the hypothesis of the previous offect (Hef, 2) of the
pressurant gas and demonstrate the expected vehavier in the absence
of such an effect, These data are presently berng curve fit for

graphical representation in the next quarterly technical report,

Sonic Velocity an Chlorine Trafluoride. Somic velocity measurements

were also repeated {using the technique modification) pu ( H“_) under
total pressurizations of 300, 80O, and 1000 psia. The dota from
initial measurements at ~14.12 C (6.6 F) and 4.43 ¢ (h0.0 F} are
shown in Table 2 with the previously established (Hef. 2) saturated
liquid data. After additional measurements are conducted ot higher

temperatures, the data will be evaluated and curve fit.
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VEWOCITY OF SOUND IN LIQUID
CHLORINE PENTAFLUORIDE AND CHLURINE TRIFLUORIDE

TABLE 2

Temperature Pressure, Sonic Velocity

Liquid ¢ F psia u/sec | ft/sec
ClF5 -14.78 5.4 Saturation 762.0 | 2434.4
500 755.8 | 2479.7

800 765.6 | 2511.8

1000 770.9 | 2529.2

2.42 30.4 Saturation 077.4 | 2222.4

500 091.1 2267.4

800 700.6 | 2298.5

1000 707.1 | 2319.9

23.350 74.3 Saturation 598.7 1964.2

500 blo. 1 2021.3

45. 88 112.8 Saturation 515.7 1691.9

500 535.0 | 1755.2

1000 558.4 | 1832.0

0Y .20 150.0 500 449.0 | 1473.1

CH'".’ -14. 12 L.b Saturation 991.9 3254.3
500 1002.0 3289.4

800 1010.0 3313.6

1000 1013.5 | 3325.1

WS 40.0 Saturation 923.1 3028.5

' 300 Y33.5 | 3002.7

800 Y39.2 | 3081.4

1000 945.1 3100.7
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Joert-tam Selubility Messurementa

Mensurements of tnert-g <« molubility o figuid propeflants are hejng
conducted in an ppparatus whivh has been previously decribed an detal
(Ref. 1,2). 1o thie apparatus, the inevt gow 18 tntroduied from a
volume-calibrated gas reservair anto a vulume«:nl;hratéd tegt tank,
or propellant cell, which containe a known guantity of prapelliant,
The volume uf the gam absorbed at a known temperature and affter
agirtation is calculated from presprure changen that eccur o the
system. Thewme premsure changes are monitored by two precision dif-
ferential pressure Lrnnndurvrﬁ.‘ The entire appavatue, 1ncluding both
the propellunt cell and the goas reservoir, 18 mounted wiithin o ther-
mostated enclomure, which maintains a desired temperature during a
solubility determination. The temperature-conditioning enclosure is
supported upon a rocking platform which i1& used to agitate the teat

solution in the propellant cell to attain equilibrium conditions,

In these determinations, the experimentally derived quantity 1a @
differential solubility (the gas dissolved per unit mass of propellaat
and per unit presaure increase) messured at o particular temperature

and preasure. This quantity can readily be integrated to give total
(absolute) solubility.

Previous nuse of this apparatue in this program resulted in preliminary
determinations of nitrogen gas solubility in CXI"5 at YO and 20 F
(Ref. 2). During these originql measurements, the solub:lity estimate
was based on the establishment of two successive pressure equilibria
in the propellant cell: (1) after introduction of the gas into the
ullage of the propellant cell (but before appreciable solution could
occur),and (2) after agitetion of the cell contents to induve solution
equilibrium. However, this appréhch has proved impractical with the
present apparatus becsuse presumably, the gaos input causes propellant
vapor coundensation, and slow diffusion-controlled re-evaporation leads

to false, unrelated equilibria at both stages of the process (Ref. 2).

17




—— e

(1)

()

To averd thas miminterpretation of the oxpﬁfunonlal results, present
solubi ity measurements ate being conducted with a variation of the
original experimental procedure. In thie modified procedure, the two
basic steps (pressurization of the ullage without solution, and pres-
sutization of the cell with solution) are evaluated .ndependently.

Lach of these two pressure rvnpbnnvs 18 determined fruom 4 smeparate
sequence of gas inpu s (without and with cell agitation, reapectively),
which deliberately set up a reproducible (uporfgﬂs, peendo equilibrium
in the alluge for each sequence. The eventual consistency of pressure
responses for each mequence during suhsequent experimentation subetan-
tintes the assumptions made,

Mtrogen Las Solubility in Chlorine Pentafluoride., During the current

report period, measurements of gascous nitrogen solubility in CIF% were
conducted at 9, 120, and 150 F through the use of the newly modified
techmique.  These data (Table 3) are believed reliable within 3 or &
percent (contingent upon additional é*pvrivn(u with the technique
being utilized). The values shown for measurements at Y0 and 1206 F
are mignmficantly Jower (by ~ 25 percent) than the values previous!ly
reported (Ref. 2); however, the new data are preferred due to the
previous experimental difficulties and the suhsequent problem of

duta nterpretation,

TABLE 3

NITHUGEN GAS SOLUBILITY IN CHLORINE PENTAFLUURIDE

CIF.
5
Teaperature, Vapor Pressure, Totel Pressure, Solubility,
F peia psia b Nz/lb ClFs-psi
90 72 320 to 470 1.83 x 1077
120 115 580 to 620 2.25 x 1077
150 176 740 to 780 2.60 x 1077
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Although the revent data obtuined are spparently reliable, additional
experience in the use of the new technigque could 1odicate defocts an
this approosch as well. In any case, the fechnique 18 extremely
laborious and, therefore, somewhat impractical in providing data for

a large number of propellsnta. Thus, to accomplish the ovevall ohjec-
tive of thia effort, i1mprovements may be sought through further
modsfications of the apparatus. Presently, nitrogen gas solubility
determinations are being conducted in (IIF‘fi at higher temperatures and
at different pressure Jevelp; the latter determinations should indicate
any significant deviationa frowm constant aolubility (Henry's Law)

behavior,

Specific Heat Measurementsa

Experimental determinations of liquid propellant specific heatsa are
being conducted in a calorimeter previously developed and described
under Contract AFO4(611)-9563 (Ref. 5) snd further described and
utilized under Coantract AFO4(6!1)-10546 (Ref. 1) and in the present
program (Ref. 2). During the current report period, efforts under

the epecific heat measurement task were directed at: (1) investigation
and correction of the poor precision snd apparently anomalous results
of preliminary specific heat measurements on the MHF-3 fuel blend, and
(2) resolution of the discrepancy in previously reported CIF3 specific

heat values.

An explanation was sought for the large scatter (up to 5 percent) in
the MHF-3 specific heat data reported in Hef. 2. The mample container
employed in the initial MHF-3 measurements was recalibrated empty under
carefully controlled conditions at 0 C. Since the results indicated
that the system was extremely sensitive to small temperature gradients,
an electrically heated adiabatic shield has been installed in place of
the glass dewar (described in Ref. 2) which had been used to minimize
temperature gradients in the calorimeter, Also, the sample container
was suspended in the center of the heat shield by cotton thread
attached to the heat shield lid.
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In thisa wodification, a differential thermocouple 18 used to monitor
and nuliify the temperature difference between the shield and the
sample container, Electrical interaction between the differential
thermocouple vircuit and the sample thermocouple 18 prevented by
insertion of a thin piece of lens paper between the differential
thermocouple junctions and the walls they contact. The signal from
this thermocouple i# fed into a d-c microvolt amplifier and then to
a recorder and o current control unit (which continuously feeds the
neceasary power into the shield by wmeana of a ailicon-controlled
rectifier power supply unit). The controller is set to regulate

the shield temperature at some small temperature i1ncrement sbove
that of the sample container to compensote for heat losses through
the container leads to the heat sink (which ie provided by the con-
trolled-temperature bath in which the apparatus is immersed). The
K-3 potentiometers, used to determine the energy supplied to the
heaters and the sample container thermocouple output, have been
provided with new Eppley atandard cells, and the b-volt batteries
used to heat the sample container have been replaced with 4 constant-

current power source,

During calibrations of a sample conteiner for MHF—#, it was necessary
to employ two calorimeter bauth media (dry ice-methanol and ice water)
as constant-temperature heat sinks te span the desired temperature
range. However, smanll leaks in the calorimeter O-ring seal, which
occurred while the calorimeter wus immersed in the dry ice-methanol
bath, has led to replacement of the O-ring with a specially fabricated
Teflon gasket. Thie replacement has sustained a good vacuum

(“’10-5 wmi Hg) at low temperatures.

Specifjc Heat of Saturated Liquid Chlorine Trifluoride. Because of

continuing requirements for accurate CIF} specific heat data ever

extended temperiture ranges, a decision was made to resolve the

existing discrepancy previously reported (Ref. 1) in the data from

R




two different experimenters (Bef. 1 snd 4). For this purpose, a new
sample container was fabricated of copper with a re-entrant well and
four fins were brazed (with silver solder) lengthwise to the outer
waell. The bottom plate was constructed of atainless steel to restrict
thermal conduction from the outer wall across the bottom to the re-
entrant well. The heater winding of No. 30 B&S-gage constantan wire
was noninductively wound on the sample container and coated with GE
varnish No. 7031, While the varnish was still tackv, an outer sheet

of copper foil was attached.

(U) The new sampie container (with a volume of ~59 c¢c) was calibrated in
the adiabatic calorimeter from 3.5 to 56.3 € (38.3 to 133.3 F). During
this calibration, jn which the heat capacity contribution of the sample
container was determined, the contniher was loaded with ~0.0) atm
helium gas (uegligible heat capacity contribution) for thermal equi-
libration. The deviat.ion of the 15 individual data values from the

correlated fit of the data was quite small (S0.5 percent).

(U) After passivation of the sample container, 97.37 gracs of propellant-
grade ClF3

the fill line was crimped and sealed with soft solder. The specific

wag condensed intu the sample container from a vacuum line;

heat of this saturated liquid sample wos measured over a temperature
range of 5.4 to 57.3 C (41.7 to 135 F). The resulting data, which
are listed in Table 4 with the chemical analyeis of the ClF} sample,
indicate excellent agreement with tiie extension of the saturated
liquid CIF3
point to the mormal boiling point), As a result, the two sets of

data were curve fit from -70 to 57 C (-34 to 135 F) with the following

specific heat data reported in Ref. 4(from the melting

equations:

- -9 ¢ ‘3
Ca(cal/gI—K) = 0.4716 - 2.217 x 10 T(K) +

-0 2 -9 3 §
A - 9.4 10
8.428 x 107°T ()" - 9.453 x T(k)
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TABLE 4

EXPERIMENTAL SPECIFIC HEAT OF

SATURATED LIQUID CHLORINE THIFLUORIDE*

Temperature Specific Heat,
¢ F cal/gm-C
5.38 41.68 0.3006
6.29 43.32 0.309
8.72 h7.70 0.3%01
9.09 48.36 0.305
11.14 52.05 0.300
14.36 57.85 0.306
17.17 62.91 0.307
19.63 67.33 0.304
20.05 68.09 0.307
22.20 71.96 0.312
24.76 76.57 0.307
24,98 76.96 0.306
26.55 79.79 0.311
27.62 81.72 0.310
28.49 83.28 0.311
31.07 87.93 0.312
31.50 88.70 0.310
34.67 94 41 0.313
38.19 100.74 0.312
42,04 107.67 0.310
45.85 114.53 0.310
49.68 121.42 0.317
53.49 128.28 0.317
57.30 135.14 0.317

*Somple Composition:

CIFB, w/o
FC102/C102, v/o
HF, w/o

C1F
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and

A

- L™ - . -
ColBru 1o-r) 7 0-4073 = 1204 x 10771,

g = ., -b 2 - "~ "9‘ 3
2.543 x 10T ) 1.581 x 10 T(R}

(R

A graphical representation of these data are shown in Fig. 1 with the

heat capacity of solid CLF3 (noted us & result of Phase I1I efforts).

Specific Heat of MHF-3., DBecause the CIF} specific heat measurements
provided an additional indication that the adiabatic calorimeter was
functioning properly, specific heat measurements were continued on the
MHF-3 fuel blend (wominal composition: 86 w/o CH3N2H3—IA w/o N2H4).

A new sample container, similar in construction to the one used for
CIF3’ was fabricated and leak-cheéked in preparation for its use with
MHF-3 and other simiiar fuel blends., Calibration heat capacity
measurements were completed succesafully with this sample container
(loaded with ~ 0.05 atm He) inserted in the calorimeter. Values
obtained from two separate calibration runs, which were neceasitated
by the replacement of an O-ring in the apparatus with a Teflon gasket,
resulted in a linear heat capacity-temperature curve from -50.1 to
61.6 (-58.2 to 142.9 F); the average point deviation from the smoothed

curve was 0.5 percent.

The sample container was loaded (under nitrogen in a glove bag) with
58.43 grams of MHF-3 fuel blend. After the filling tube of the sample
container was crimped and brazed with silver solder, the calorimeter

was reassembled; specific heat measurements on MHF-3 are continuing.
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SPECIFIC HEAT, cal /em-K

0.32

0.28

0.2¢

0.20

SATURATED LIQUID PHASE

.16t

CURVE FIT FROM - 70 TO S7 C WITH EQUATION

Coteai/ga-n) *0.4716 - 2.217 X 1077 Ty,

+8428%107* T, }-9 453 x 0"*

0.12

T

0.08

SOLID PHASE

CURVE FIT FROM - 283 TO - 76 C WITH EQUATION

o -2 -3
Coleatsom-x*-349 X107 4 383 % 1070 1,

=307 X107% Timi® 4 147 X 1077 T, P-287 X 1070 T,*

-100 -80
TEMPERATURE, C

Figure 1. Specific Heat of Solid and Saturated
Liquid Chlorine Trifluoride
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CURVE FIT FROM -424 TO ~108F WITH EQUATION |
Coiavarrn-mi® ~3.49 0107 4 1962 1077, ;

~9.47210° 1, 42321161, 2480107,

SPECIFIC HEAT, Btu/ib-R

SATURATED LiQUID PHASE

CURVE FiT FROM -94 TO 138 F WiTH EQUATION

Catgrasin-nr? 0.4673- 120401071,

+2.543010% - see07',)}

TEMPERATURE, F
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Therma! Conductivity Measurements

Thermal conductivity messurements of liquid propellhnts nfe being
conducted through the use of o ateady-state, concentric~cylinder
conductivity cell described previously in Ref. 1 and 2. With this
apparvatus the test liquid is contained 1n a very thin, annular passaje
between two aluminwm alloy cylinders. An electrical resistance heater,
locuted at the center of the inner cylinder, supplies the heat energy
to extablish a temperature gradient across the liquid layer. Copper
constantan thermocouples, embedded in cylinders close to the surfaces
of the test fluwd cavity, are used to measure the temperature gradient.

A regulated d-c power supply is employed for the cell heater power.

Thermal Conductivity of MHF-5. During the current report period,

thermal conductivity measurements were completed on the MHF-5 fuel

blend {(nominal composition: 33 w o CHBNQH}-ﬁb V/O.N2Hh-19 v/o N2H5N05).
Earlier in the program (Ref. 2), an initinl series of measurements was
wade on one sample (1) of the fuel blend at approximately 30 F intervals
over a temperature range of 0.5 to 201.0 F. To increase the reliahility
of these 1mtial data, a series ol measurewments was made on a second
sample (B) of the propellant over approximately the same temperature
vrange.  The results frow both series of measurements, which indicate

good agreement with cach other, are listed in Table 3,

Two unsuccessful attempty were made to obtain MHF-5 thermal conductivity
data at temperatures above 200 F. With somple A in the cell, an attempt
was made to obtain data at 250 F. As the celi was being heated from 200
to 2130 F, gas evolution was observed when the cell'temperature reached
approximately 225 F: at this point the test run was terminated. A
samtlar situation occurred with sample B in the thermal conductivity
cell, After data were obtained at 200 F, the cell was allowed te re-
main at this tewperature. Approximately 2-1, 2 hours later, some gas

evolution was observed and the test rumn was terminated.
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TABLE 5

EXPERIMENTAL MHF-5 THERMAL CONDUCTIVITY IMTA

Sample

Temperature,

Thermal Conductivity,
Btu /hr-ft-F

- -0 B 4

-

T

100.6
100.06
100.6
100.6

150.5
150.5
150.6
150.6

200.8
201.0
200.5
200.5

..,:0
0.

0. 186
0. 188
0.188
v.189

0.185
0.185
0. 180

0. 184

0.180
U.180
0.178
0.179

lf
L]
0.175
0.176

0.172
0.171
0.172
u.170

NH, , w/o

ij, w/o
H20, w/o

o s ot o e 7

*Sowple Composition:
CH3N2H3, w/0

N2HA'HN03,'V/0
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54.9
25.4
18.9
0.2
0.6
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The thermal conductivity data were curve fit frowm 0.5 to 201.0 F

(Fig. 2). The equation which represents the data iw

9 P

(F)

0.188 - 7.91 x 10” - 2.9 x 108

(Bra hr-fe-F) Y(F)
Both propellant mamplex (A and B) were obtained from s specific batch

of propellant blended for the thermal conductivity measurements,

-

Results of chemical unalyeie of the fuel blend are given in Table 5.

Viscosity Measurements

Viscosity measurements on liquid propellants are being conducted in an
apparatus, shown schemuticaily in Fig, 3, using a technique previously
described in Ref, 2. 1In this apparatus, the viscosity is obtained by
ohserving the flowrate through the the capillary tubing and the corre-
sponding driving fluid head, which in this apparatus is a simple
gravity head resulting from a ﬁ???%%%ﬁ%%g?ﬁgfﬁ%Aelev“tion of the
Liyuid level in the two legs of the U-tube. The reservoir in one

of these legs is 8 section of 0.75~inch tuhing which contains a
magnetic float at the gas-liguid interface. The position of this
float within a vertical range of approximately ¢ inches is sensed

by a differential transformer unit surrounding the tubing. For the
other leg of the U-tube, valves B and C provide a choice between

8 l-l/2~inch and 3,8-inch tubing reservoir,

The viscometer is constructed entirely of stainless-steel tubing and
fittings to permit testing corrosive liquids at pressures up to 1000 psi.
The capillory tubing is 0.023-inch ID and approximately 26-1/2 inches
long. This long, large-bore capillury wus selected in an attempt to
minimize the relative importance of entrance and exit friction losses

ot low kinematic viscosities, which may approach 0.1 centistoke for

the propellants of interest. For the case of flow between the
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Figure 2, Thermal Conductivity of MHF-5
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Figure 3 . Capillary Viscometer Schiematic
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3/4-inch float reservoir and the 1-1/2-nch remervoir, this capillary
would lead to experimental flow times ranging from minutes to hours

in the viscosity range contemplated. To increuse the speed of the
test piocess at the higher viscomities, the option of the 3/B~inch
reservoir has been provided, which permits setting up a much larger
differential head within the operating range of the transducer and
float. 1In addivion, this option permits testing of a given viscosity
under significantly different driving heada, flow velocities, and
hence, Reynolds numbers, for the capillary. This feature could permit
estimation or calibration of the end effects at low viscosities. It
may be possible to extend the applicability of the viscometer into a
range where end effects are important through a technique of self-
calibration in which a given viscosity is weasured over a sufficiently

wide Reynolds number range,

Not shown in the figure are accessory connections and valving for
loading, venting and/or pressurizing the viscometer with inert gaa.

The overall unit, approximately 5 feet tall, is housed in a temperature-
controlled dry box equipped with heater, circulation fans, thermocouples,

pressure transducer, etc.

Viscosity of Chlorine Pentafluoride Viscosity measurements in ClFi,

which were initiated previously in this program (Ref. 2), have been
continued at 75, 100, and 124 F. These measurements have been de-
signed to extend the previously repoerted saturated liquid ClF5
viscosity data (Hef. 5 and 6) to higher temperature and pressure
ranges. The results from the current measurements are shown

(with thcse obtained earlier) im Table 6.
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TABLE 6

EXPER IMENTAL CHLURINE PENTAFIUORIDE VISCUS ITY DATA

Kinemstic Absojute

Temperature | Viscosity, Viscoerity,

F C centistokes centipoises
5[ 0.182 0.323
100 38 _ 0.164 0.281
124 51 6.151 0.252
154* | 68 0.134 0.215
176% | 80 0.12] 0.185

#*Data obtained earlier in the program (Ref. 2)

(U) Each of the indicated data points represents at least three measurements

(v)

within *1 F and l-percent precision. Density data for the reduction of
ki-ematic viscosity to absolute viacosity was taken from Ref. 5.
Figure 4 compares the data shown in the table with a correlation
(Ref. 1) of viscosities previously obtained at lower temperatures
in conventional glass viscowcters (Ref. 5 and 6). As shown, the
new higher-temperature values form a smooth and plausible continu~
ation of the early data although the curve fit may require some
modification. An extrapolation of the curve fit of the lower-
temperature data, through the temperature range of the present

wmeasurements, is indicated by the dashed line.
The viscometer is presently being readied for measurewents above 200 F

to provide additional high-temperature data on ClF5 and test the
low-viscosity applicability of the capillary.
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PHASE [I1: EVALUATION AND CUMPILATION OF DATA

OBJECTIVE

During the entire period of the contractual program, efforts under
Phase I1] are directed toward the assembly of all data generated by
Phases 1 und 1I, verification of all the duts wources, criticat

comparison of conflicting date, and tabuletion of the results. The

final selection of the best values will be summarized in an annual

technical report.

RESULTS AND ACCOMPLISHMENTS

in the current report period, Phase IIl effort has heen direc ted
primarily at the compilation and evalustion of physical preperties

of various selected propellants from the references located in the
Phase I literature survey. The remaining effort has been concentrated
on the reduction, evaluation, and correlation of all data generated as
a result of the Phase II experimental efforts; however, to maintain
continuity in this text, these results are reported under the perti-
nent Phase [l headings. In addition, unpublished physical and
engineering property duta on propellants (generated a= a result

of Hocketdyne in-house efforts) which are related to the overall

objectives of this program are given in the following text.

Nitrogen Tetroxide Property Compilations

As a result of the comprehensive search of the propellant properties
literature, all pertinent engineering property data for Nz”u is being
compi led, evaluated, and correlated. The reterences obtuined from

this search, which are being placed on indexed punch cards, are being
used to prepare an engineering properties bibliography. The physical
property data are being summarized for future publication under this

program.
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Monome thy thydrazine Property Compilations

Compilotions of an engineering properties bibliography and physical

properties data sheetr for MMH, CN3NQH1, have heen initiated,

Norwal Boiling Point of Chlorine Pentafluoride

The normal boiling point of C1F5 was experimentally measured (during
a Rocketdyne in-house effort) as ~13.7 C (7.3 F). These measurements
were conducted using 4 calibrated copper constantan thermoceuple to
indicate the equilibrium temperature when the equilibrium vapor
pressure (as determined by a Heise gage) was 760 om Hg. The ClF5
sample used in the measurements contained fused cesiuw fluoride at
the bottom of the somple to complex any HF impurity and thus minimize
the contribution of the more volatile impurity. Chemical analysis

of the sample indicated an assay > 99.0 w/o CIFS.

Heat Capacity of Chlorine Trifluoride (Solid)

In conjunction with the evaluation of the experimental data on the
specific heat ol saturated liquid ClF3 (as noted in Phase II), the
experimental heat capucity data on solid CIF} were also evaluated..
These data, which were determined from 14.04 K (-259.12 ¢ or ~434.4 F)
to the melting point by the same experimentalists (Hef. 4) who provided
the oviginal specific heat data on the saturated liquid, were curve fit
with the following cquations:

. , 02, S
Lp{cul gm-K) -3.49 x 10 3.53 x 10 T(K}

= ‘

- > -7 3
-3.07 x 107°1,..° « 1.47 x 107°1,
7x (K) ‘ x (K)
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These data are also presented graphmically in Fag. 1.

Storability of Chlorine Pentafluoride

(C) Storability tests on CIF., which were completed over a I5-month peeind
3
under Contract AFOA(0611)-93563 (Rel. 7), were extended over a lonser

period under Rocketdyne funding. 1In the program conducted uader the

Sorsz

contract, liquid samples of CIF. were stored in 321 atainless steel,
)

6061 aluminum, Menel 00, and oxyvgen-free copper containers {(initial
ullages of ~ 20 to 30 percent) for 13 months at ambient temperatures.
In addition to weekly monitoring of container pressuresx and ambient
temperatures, liquid and vapor samp'es were removed from each con-
tainer and chemically analyzed monthly. The results, whick are given
in detail in Ref. 7, indicated no significant changes in pressure or

composition during the entire storage period.

(C) In an extension of these tests (initiated on 12 November IY64), the

storage period of tﬁe 321 stainlese-steel container was continued to
22 June 1967, which represented 31 months of storage at temperatures
ranging from ~30 to 100 F. The finaul chemical analysis of the
liquid sample from this container was as follows:

ClFs, w/o 99 .4

CIF3, w/o 0.3

HF, w/o 0.3

"~ CONFIDENTIAL
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from the ocigial

Thie analyers apdicates po <ienctioant chonge

st dvere ot the Jrgquad sample which wax noted an Ref. 7 as:

Chbey, w oo 99 |
l'H;. T} <fh
1, w oo <h .Y
LI N Y <y 03
H;. w ou 0.4

[he smatl ditterences reported in the assove and 1o the noted impurities
hetween the twa analysex are attributahle (o uncertainties in the original
analytical technique and subseguent improvements,

in addition to the results from the controlled storage of (IIFS, an

evaluatton was conducted on the =torage of CiF_ in a typical open-hearth
3

steel shupping o binder (JCC=3AA2000),  Thi= evaluation was made on a

shipping ey linder that had been loaded with 133 pounds of L'll"s on

16 February 19606, shipped to Dahlgren, Va., where 93 pounds were
removed, and returned to Hftocketdyne with 43 pounds of Cll'f.;. The
results of chemical analyvsis of the cylinder contents after loading

(10 February 1906) and on 3 July 1960 (after its return to Rocketdyne)

~are compared as follows:

Analysis, w'o
Composition 116 February 1906 3 July 1960
ClF_ 99,53 99.6
HF ’ <0.9 0.4
Cl <01
ct, <0.01
m;-)‘, <0.01
(.'Il-‘; <.l
l"(:“).s <0.01

UM PP P
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These results indicate that there were no significant compomition
changes 1n the C1F5 during the 16.5 month storage in the particular
shipping cylinder, Aa noted previously, the slight differences in
the anaslytical results are a result of improvements in the analytical

technique since the initial analysis was conducted,
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